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GRAPHENE AND METAL INTERCONNECTS
WITH REDUCED CONTACT RESISTANCE

CROSS REFERENC,

L1l

The present application 1s a continuation-in-part of and
claims priorty under 35 U.S.C. §120 of U.S. patent applica-
tion Ser. No. 13/716,636, filed on Dec. 17, 2012, which 1s
incorporated by reference in 1ts entirety. Moreover, U.S.
patent application Ser. No. 13/873,336, ftitled Hybnd
Graphene-Metal Interconnect Structures, filed on Apr. 30,
2013 and U.S. patent application Ser. No. 14/454,765, titled
Graphene-Metal E-Fuse, filed on Aug. 8, 2014 are also hereby

incorporated by reference.

BACKGROUND

The present invention relates generally to the field of semi-
conductor structure and a method of forming the same, and
more particularly to reducing the contact resistance of a back-
end-of-the line (BEOL) interconnect structure primarily
composed of graphene and metal.

Integrated circuit(s) typically include a plurality of semi-
conductor devices and imterconnect wiring. Networks of
metal interconnect wiring typically connect the semiconduc-
tor devices from a semiconductor portion of a semiconductor
substrate. Multiple levels of metal interconnect wiring above
the semiconductor portion of the semiconductor substrate are
connected together to form a back-end-oif-the line (BEOL)
interconnect structure. Within such a structure, metal lines
run parallel to the substrate and metal vias run perpendicular
top the substrate.

Two developments in the last decade have contributed to
increased performance of contemporary ICs. One such devel-
opment 1s the use of copper as the interconnect metal of the
BEOL interconnect structure. Copper 1s advantageous
because 1t has a higher conductivity compared with other
traditionally used interconnect metals such as, for example,
aluminum. However, when compared to copper, other mate-
rials such as graphene have superior current carrying capaci-
ties and thermal conductivity, but many methods of producing
graphene have presented numerous challenges which dis-
couraged the inclusion of graphene 1n contemporary ICs.

SUMMARY

According to one embodiment of the present invention, a
structure 1s provided. The structure may include a first metal
line 1n a first interconnect level, the first metal line comprising
one or more graphene portions, a second metal line 1 a
second 1nterconnect level above the first interconnect level,
the second metal line comprising one or more graphene por-
tions, and a metal via comprising a palladium liner extends
vertically and electrically connects the first metal line with the
second metal line, the via 1s at least partially embedded 1n the
first metal line such that the palladium liner 1s 1n direct contact
with at least an end portion of the one or more graphene
portions of the first metal line.

According to another embodiment, a method 1s provided.
The method may 1nclude forming a first metal line 1n a first
interconnect level, the first metal line comprising one or more
graphene portions, forming a second metal line 1 a second
interconnect level above the first interconnect level, the sec-
ond metal line comprising one or more graphene portions,
and forming a metal via comprising a palladium liner extends
vertically and electrically connects the first metal line with the
second metal line, the via 1s at least partially embedded 1n the
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2

first metal line such that the palladium liner 1s 1n direct contact
with at least an end portion of the one or more graphene
portions of the first metal line.

According to another embodiment, a method 1s provided.
The method may include etching, in a first dielectric layer, a
first trench, filling the first trench with graphene, etching 1n a
second dielectric layer a via opening, the second dielectric
layer 1s above the first dielectric layer, and at least an end
portion of the graphene in the first trench 1s exposed along a
sidewall at a bottom of the via opening, and depositing, con-
formally, a layer of palladium within the via opening. The
method may further include filling the via opeming with a
conductive interconnect material, etching, in the second
dielectric layer, a second trench which intersects with, and at
least partially removes a portion of, the conductive intercon-
nect material in the via opening, and filling the second trench
with graphene.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The following detailed description, given by way of
example and not intended to limait the invention solely thereto,
will best be appreciated 1n conjunction with the accompany-
ing drawings, in which:

FIG. 1 illustrates a starting graphene and metal intercon-
nect structure icluding a component and via according to an
exemplary embodiment.

FIG. 2 illustrates the formation of a trench according to an
exemplary embodiment.

FIG. 3 illustrates depositing a liner layer according to an
exemplary embodiment

FIG. 4 illustrates a polishing technique according to an
exemplary embodiment

FIG. 5 1llustrates filling the trench with graphene to form a
final structure according to an exemplary embodiment

FIG. 6 illustrates a final structure according to another
exemplary embodiment.

FIG. 7 illustrates a final structure according to another
exemplary embodiment.

FIG. 8 illustrates a beginning structure according to an
exemplary embodiment.

FIG. 9 1llustrates forming a trench according to an exem-
plary embodiment.

FIG. 10 illustrates forming a palladium liner within the
trench according to an exemplary embodiment.

FIG. 11 1llustrates filling the trench, on top of the palladium
liner, with a conductive interconnect material according to an
exemplary embodiment.

FIG. 12 1llustrates forming a metal cap and a final structure
according to an exemplary embodiment.

The drawings are not necessarily to scale. The drawings are
merely schematic representations, not intended to portray
specific parameters of the mnvention. The drawings are
intended to depict only typical embodiments of the invention.
In the drawings, like numbering represents like elements.

DETAILED DESCRIPTION

Detailed embodiments of the claimed structures and meth-
ods are disclosed herein; however, 1t can be understood that
the disclosed embodiments are merely illustrative of the
claimed structures and methods that may be embodied 1n
various forms. This invention may, however, be embodied in
many different forms and should not be construed as limited
to the exemplary embodiments set forth herein. Rather, these
exemplary embodiments are provided so that this disclosure
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will be thorough and complete and will fully convey the scope
of this mvention to those skilled 1n the art. In the description,
details of well-known features and techniques may be omaitted
to avoid unnecessarily obscuring the presented embodiments.

References 1n the specification to “one embodiment”, “an

embodiment”, “an example embodiment”, etc., indicate that

the embodiment described may include a particular feature,
structure, or characteristic, but every embodiment may not
necessarily include the particular feature, structure, or char-
acteristic. Moreover, such phrases are not necessarily refer-
ring to the same embodiment. Further, when a particular
feature, structure, or characteristic 1s described 1n connection
with an embodiment, 1t 1s submitted that it 1s within the
knowledge of one skilled in the art to affect such feature,
structure, or characteristic 1n connection with other embodi-
ments whether or not explicitly described.

For purposes of the description hereinafter, the terms
“upper”, “lower”, “right”, “left”, “vertical”, “horizontal”,
“top”, “bottom™, and derivatives thereof shall relate to the
disclosed structures and methods, as oriented 1in the drawing

figures. The terms “overlying”, “atop”, “ontop”, “positioned
on” or “positioned atop” mean that a first element, such as a
first structure, 1s present on a second element, such as a
second structure, wherein intervening elements, such as an
interface structure may be present between the first element
and the second element. The term “direct contact” means that
a first element, such as a first structure, and a second element,
such as a second structure, are connected without any inter-
mediary conducting, insulating or semiconductor layers at
the 1nterface of the two elements.

In the interest of not obscuring the presentation of embodi-
ments of the present mvention, in the following detailed
description, some processing steps or operations that are
known 1n the art may have been combined together for pre-
sentation and for illustration purposes and 1n some 1nstances
may have not been described 1n detail. In other instances,
some processing steps or operations that are known 1n the art
may not be described at all. It should be understood that the
tollowing description 1s rather focused on the distinctive fea-
tures or elements of various embodiments of the present
invention.

In the fabrication/manufacture of integrated circuit chips,
there 1s a growing desire to it more devices and circuits
within each chip along with higher levels of energy efliciency.
As such, there 1s a constant need to not only reduce the size of
the circuit components, but also to reduce the size and resis-
tance of wiring and connecting vias interconnected to the
circuit components and the spacing (pitch) between one VIA
(and connecting wire) to another VIA (and connecting wire)
on the same level. These wires and VIAs may be disposed of
in one or more metallization layers formed on top of a semi-
conductor substrate.

The semiconductor substrate 1s preferably, but not neces-
sarily, made up of a silicon containing material. Silicon con-
taining materials include, but are not limited to, S1, single
crystal S1, polycrystalline S1, S1Ge, single crystal silicon ger-
manium, polycrystalline silicon germanium, or silicon doped
with carbon, amorphous Si1 and combinations and multi-lay-
ers thereol. The semiconductor substrate may also be made
up of other semiconductor materials, such as germanium, and
compound semiconductor substrates, such as type I11I/V semi-
conductor substrates, e.g., GaAs. Although the semiconduc-
tor substrate 1s often depicted as a bulk semiconductor sub-
strate, semiconductor on insulator (SOI) substrate
arrangements, such as silicon on insulator substrates, are also

suitable substrates for use 1 an integrated circuit chip.
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4

The substrate may include one or more circuit components
or devices, such as transistors, capacitors, or resistors formed
thereon. In other exemplary embodiments, other types of
circuit components or devices may be used.

A metallization layer 1s wiring (conductive lines) embed-
ded 1n a dielectric material. Multiple metallization layers are
often put together and 1nterconnected through conventional
vias, which pass through the dielectric material to contact
metal wires on separate levels. A metallization layer may also
be referred to herein as a metal layer, a wiring layer, or a
wiring level. The vias, metal layer, the wiring layer, or wiring
level together may be called the interconnect structure or the
Back End of Line (BEOL) wiring levels.

A dielectric layer may include both an upper portion, 1.e.,
the dielectric material in which wiring 1s formed, and a lower
portion, 1.e., the dielectric material in which conductive vias
are formed. The lower portion serves as an inter-level dielec-
tric (ILD) layer while the upper portion serves as an 1ntra-
metal dielectric (IMD) layer. The dielectric layer can be a
single layer or a multi-layered stack. For example, a single
layer can beused to serve as both the ILD and IMD or separate
layers are used for the ILD and IMD. In another example, an
ctch stop layer (a layer of material typically placed under-
neath the material to be etched to stop the etching process) can
be disposed between the ILD and IMD.

The conductive material used to create the wiring (conduc-
tive lines) may be a metal, such as tungsten, copper, alumi-
num, respective alloys, or combinations thereot. Conductive
vias may be made up of the same or different materials from
the wiring. Vias may connect the conductive line to contact
regions below. Depending on the dielectric layer level, the
contact region can be another conductive line 1n a lower
dielectric layer or the contact region can be a device, such as
a diffusion region, a gate of a transistor, or a plate of a
capacitor.

Wiring and vias are typically made using photo lithography
processing. In conventional photo lithography processing, a
photo resistant masking material (photoresist) 1s disposed
over one or more layers of a dielectric material. A masking
step 1s performed to selectively remove photo resist material
from certain regions (1.€., via hole locations and wiring paths)
of the dielectric material, which are left exposed. An etch
process Tollows, which etches away the exposed portions of
the dielectric material forming trenches and via holes therein.
A metal deposition process fills these portions with conduc-
tive material to form the wiring and vias of a layer.

More specifically, the masking step performed 1nvolves
focusing light, through a mask image, onto the surface of the
photo resist layer. Due to focusing and light wavelength con-
straints, there 1s a limitation on how small an 1mage can be
formed.

To create wiring and vias with smaller critical dimensions
(CD), less than 40 nm for example, and tighter pitches, less
than 80 nm for example, the mask images must be created on
a sub-lithographic scale (i.e., of a size smaller than can be
produced using conventional lithographic processes). In
addition, smaller CD and tighter grouping allow for little
error 1n forming the vias and connecting wires. As such, 1t 1s
desirable to have a process where vias self-align themselves
to their respective metal lines during their creation.

Initially, aluminum was the metal of choice for many meth-
ods used for the fabrication/manufacture of integrated circuit
chips. However, aluminum has higher electrical resistance
than silver or copper, which have nearly half of the resistance
of aluminum. The cost and ease of use made copper a better
choice for fabrication/manufacture of integrated circuit chups.
Unfortunately, copper introduced a number of new chal-
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lenges. Because of the lack of volatile copper compounds,
copper could not be patterned by the techniques of photoresist
masking and plasma etching that had been used with great
success with aluminium. The 1nability to plasma etch copper
called for a drastic rethinking of the metal patterning process
and the result of this rethinking was a process referred to as an
additive patterning or a “Damascene” or “dual-Damascene™
pProcess.

In this process, the underlying silicon oxide insulating
layer 1s patterned with open trenches where the conductor 1s
located. A thick coating of copper that significantly overfills
the trenches 1s deposited on the 1nsulator, and chemical-me-
chanical planarization (CMP; also called chemical-mechani-
cal polishing) 1s used to remove the copper to the level of the
top of the insulating layer. Copper sunken within the trenches
ol the insulating layer 1s not removed and becomes the pat-
terned conductor. With multiple applications of this process a
number of layers can be built up to form complex structures.

Referring to FIG. 1, 1 accordance with an exemplary
embodiment, there 1s 1llustrated a substrate 10, 12 that 1s
employed 1n one embodiment of the present invention. Simi-
larly, layer 32 depicted in FIGS. 6 and 7 1llustrates a substrate.
Substrates 10, 12, and 32 may comprise a semiconductor
material, an insulator material, a conductive material, or any
combination thereof including multilayers. When substrates
10,12, and 32 are comprised of a semiconductor material, any
semiconductor such as, for example, S1, S1Ge, S1GeC, S1C,
Ge alloys, GaAs, InAs, InP and other I11/V or II/VI compound
semiconductors may be used. In addition to these listed types
of semiconducting materials, substrate 10,12, and 32 can also
be a layered semiconductor substrate such as, for example,
S1/51Ge, S1/51C, silicon-on-insulators (SOIs) or silicon ger-
manium-on-insulators (SGOIs).

In accordance with an exemplary embodiment, when sub-
strate 10, 12, and 32 comprises a semiconductor material, one
or more semiconductor devices such as, for example, comple-
mentary metal oxide semiconductor (CMOS) devices can be
tabricated thereon.

In accordance with an exemplary embodiment, when sub-
strate 10, 12, and 32 1s an insulator material, the insulator
material can be an organic isulator, an 1norganic insulator or
a combination thereof including multilayers. When substrate
10,12, and 32 1s a conductive material, substrate 10,12, and 32
may include, for example, polySi1, an elemental metal, alloys
of elemental metals, a metal silicide, a metal nitride or com-
binations thereof including multilayers. When substrate 10,
12, and 32 comprises a combination of an insulator material
and a conductive material, substrate 10, 12, and 32 may
represent a first interconnect level of a multilayered intercon-
nect structure.

As depicted 1n FIG. 1, 1n accordance with an exemplary
embodiment, layers 14 and 24 are etch stop (or etching retar-
dant) layers that can be employed in one embodiment of the
present disclosure. Similarly, layers 25 and 44 depicted in
FIGS. 6 and 7 1llustrate etch stop layers. In this disclosure the
etch stop layers are composed of silicon carbon nitride
(S1CN), a copper passivation and etch stop material. In gen-
eral, a layer of “etch stop” material 1s typically placed under-
neath the material to be etched to stop the etching process.
Each of etch stopping layers 14, 24, 25 and 44 can be com-
posed of material, known 1n the art, which feature different
ctch characteristics than the material to be etched (e.g., sub-
strate 12).

In this exemplary embodiment, substrate 10 includes a
component 20. In general, component 20 1s a structure that
requires routing or connection to an interconnect. Component
20 15, 1n this embodiment, a macrocell connected to the bot-
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tom of a vertical interconnect access (VIA) 16. VIA 16 1s
composed of a copper core surrounded on three sides by a
barrier metal 18. In this example, component 20 1s also sur-
rounded by a barrier metal (19). In another example depicted
in FIGS. 6 and 7, VIA 36 1s composed of a copper core and 1s
surrounded by a barrier metal 38 on three sides. In this
embodiment, VIA 16 and VIA 36 are structures that form an
clectrical connection capable of carrying a signal between
two or more layers (e.g., substrates 10 and 12). In other
embodiments, the core of a VIA can be filled with elemental
forms or alloys including copper, aluminum, silver, gold,
calcium, platinum, tin, lithtum, zinc, nickel, and tungsten.

In this exemplary embodiment, barrier metal 18, 19, and 38
are materials used 1n 1ntegrated circuits to chemically 1solate
semiconductors from soft metal interconnects, while main-
taining an electrical connection between them. For instance,
a layer of barrier metal must surround every copper 1ntercon-
nection 1n modern copper-based chips, to prevent diffusion of
copper 1nto surrounding materials, since diffusion of copper
into surrounding materials can degrade their properties. Some
materials that have been used as barrier metals include cobalt,
ruthentum, tantalum, tantalum nitride, indium oxide, tung-
sten nitride, and titantum nitride (the last four being conduc-
tive ceramics, but “metals™ 1n this context).

Referring now to FIG. 2, 1n accordance with an exemplary
embodiment, a trench 26 1s etched (e.g., using lithography)
through etch stop layer 24 and into substrate layer 12. The
right end of trench 26 intersects VIA 16 and barrier metal 18
such that a portion of VIA 16 and barrier metal 18 have been
removed, thereby exposing copper core of VIA 16.

Referring now to FIG. 3, 1n accordance with an exemplary
embodiment, a tantalum nitride (TaN) layer has been applied
followed by a layer of ruthemium (Ru), and both layers com-
bined compose liner layer 28. The tantalum nitride (TaN)
layer facilitates the adherence of the ruthenium to substrate
12. Ruthenmium, in this exemplary embodiment, 1s a graphene
catalyst, 1.e., a catalyst that aids 1in the growth of graphene 1n
trench 26 (see below). In other embodiments other elements
or materials, including alloys, can be substituted for the ruthe-
nium catalyst such as nickel, palladium, 1iridium, and copper.
After liner layer 28 1s deposited, excess and/or unwanted
maternal 1s removed by the process of CMP. In an example, as
depicted 1in FIG. 4, etch stop layer 24 and a portion of liner
layer 28 are removed by the process of CMP.

Referring now to FIG. 5, 1n accordance with an exemplary
embodiment, the selective growth of multiple layers of
graphene (1.., multilevel or multilayer), herein referred to as
graphene 30, 1s 1llustrated. In this embodiment, the multiple
layers of graphene are grown, using chemical vapor deposi-
tion (CVD), from both solid and liquid carbon sources, and at
a temperature between 300° C.-400° C. Multilayer graphene
30 connects to VIA 16, using liner layer 28, creating an
clectrical connection that can carry current along each hori-
zontal layer of graphene. In other embodiments current may
travel from one graphene layer into another. However, there 1s
generally higher electrical resistance between individual
graphene layers. In yet other embodiments, the temperature at
which the graphene 1s grown, using different catalysts than
those referenced 1n this disclosure, can be above and/or below
the range of 300° C.-400° C.

Referring now to FIG. 6, 1n accordance with an exemplary
embodiment, another layer of etch stop material (25) 1s added
followed by another substrate layer (32). A trench is etched
through substrate layer 32 and etch stop matenial 235. The
trench 1s etched such that the trench intersects the left end of
the graphene 30 and does not penetrate through, but is in
contact with, liner layer 28 (TaN/Ru layer). The trench 1s then
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lined with barrier metal 38, filled with a copper core, thereby
creating VIA 36, and capped with etch stop (or etching retar-
dant) layer 44. Thus, component 20 1s connected to two VIAs
with a graphene connector forming an electrical connection
therebetween.

In general, the process of creating VIAs and graphene
structures can be continued until the routing or desired con-
nections are formed. In other embodiments, the exact process
by which VIAs and graphene layers are created can vary. For
example, a VIA can include a number of various core and/or
barrier metals, and number of metals can be used as a catalyst
for the growth of graphene (e.g., palladium).

Referring now to FIG. 7, an alternative exemplary embodi-
ment 1s shown. In the alternative embodiment, a VIA opening,
1s formed through substrate layer 32 and etch stop material 34
and 1s aligned such that 1t intersects a portion of liner layer 28.
As shown 1n FIG. 7, the VIA opening does not go to the
bottom of the graphene 30 trench, but preferably contacts the
top of the graphene 30 trench. The via opening 1s then lined
with barrier metal 36, filled with a core comprising copper 38,
thereby creating VIA 36. The structure 1s capped with etch
stop (or etching retardant) layer 44. In this embodiment, the
bottom end of VIA 36 1s 1n electrical contact with liner layer
28 (which provides a vertical electrical pathway) on a side-
wall of the graphene 30 connector and the topmost layer of the
graphene 30 connector. Thus, component 20 1s connected to
two VIAs with a graphene connector forming an electrical
connection therebetween.

Embodiments of the present invention may be used 1n a
variety of electronic applications, including but not limited to
advanced sensors, memory/data storage, semiconductors,
microprocessors and other applications.

A resulting integrated circuit chip can be distributed by the
tabricator in raw waler form (that 1s, as a single water that has
multiple unpackaged chips), as a bare die, or 1n a packaged
form. In the latter case the chip 1s mounted in a single chip
package (such as a plastic carrier, with leads that are affixed to
a motherboard or other higher level carrier) or 1n a multichip
package (such as a ceramic carrier that has either or both
surface interconnections or buried interconnections). In any
case the chip 1s then integrated with other chips, discrete
circuit elements, and/or other signal processing devices as
part of either (a) an intermediate product, such as a mother-
board, or (b) an end product. The end product can be any
product that includes integrated circuit chips, ranging from
toys and other low-end applications to advanced computer
products having a display, a keyboard or other input device,
and a central processor.

Having described the preferred embodiment of creating
graphene and metal interconnect structures (which are
intended to be 1llustrative and not limiting), it 1s noted that
modifications and variations may be made by persons skilled
in the art 1n light of the above teachings.

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements 1n the claims
below are intended to include any structure, maternial, or act
for performing the function in combination with other
claimed elements as specifically claimed. The description of
the present mvention has been presented for purposes of
illustration and description, but 1s not intended to be exhaus-
tive or limited to the invention 1n the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the invention. The embodiment was chosen and
described 1n order to best explain the principles of the mven-
tion and the practical application, and to enable others of
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ordinary skill in the art to understand the invention for various
embodiments with various modifications as are suited to the
particular use contemplated.

While the invention has been described 1n detail 1n connec-
tion with only a limited number of embodiments, it should be
readily understood that the invention 1s not limited to such
disclosed embodiments. Rather, the invention can be modi-
fied to mncorporate any number of variations, alterations, sub-
stitutions or equvalent arrangements not heretofore
described, but which are commensurate with the spirit and
scope of the mnvention. Additionally, while various embodi-
ments of the invention have been described, 1t 1s to be under-
stood that aspects of the invention may include only some of
the described embodiments. Accordingly, the invention 1s not
to be seen as limited by the foregoing description. A reference
to an element 1n the singular 1s not intended to mean “one and
only one” unless specifically stated, but rather “one or more.”
All structural and functional equivalents to the elements of
the various embodiments described throughout this disclo-
sure that are known or later come to be known to those of
ordinary skill in the art are expressly incorporated herein by
reference and intended to be encompassed by the invention. It
1s therefore to be understood that changes may be made in the
particular embodiments disclosed which are within the scope
of the present invention as outlined by the appended claims.

In an alternative embodiment, the hybrid graphene metal-
lization scheme described above may be improved by lower-
ing the contact resistance where the graphene intersects with
the metal. More specifically, in embodiments in which a metal
interconnect structure extends, at least partially, into the
graphene line, for example as described above with reference
to FIG. 6, an additional liner may be added between the metal
via and the graphene to lower the interfacial contact resis-
tance. One embodiment by which to fabricate the hybnd
graphene mterconnect structure having a lower contact resis-
tance, 1s described 1n detail below by referring to the accom-
panying drawings FIGS. 8-12.

Referring now to FIG. 8, the method may begin with a
structure 200. The structure 200 may include an M_level 202
and an M __, level 204. The M _ level 202 may include an M_
metal 206, an M _dielectric layer 208, and an M_cap 210. The
M, level 202 may represent any interconnect level in the
structure 200. In an embodiment, the M_ level 202 may rep-
resent a metallization level directly above a contactlevel or an
active device level. The M, level 204, positioned directly
above the M, level 202, may include an M__ ; via 212, a {irst
graphene line 214, an M__, dielectric 216, and an M__, cap
218. It should be noted that while only two interconnect levels
are shown, 1n some embodiments the structure 200 may have

multiple interconnect levels either above, below, or above and
below the M, level 202 and the M__, level 204.

x+1

The M_ dielectric 208 may be substantially similar to the
substrate 10 described above with reference to FIG. 1. In an
embodiment, the M_ dielectric 208 may include a dielectric
matenal, for example, silicon oxide (510,), silicon nitride
(S1,N, ), hydrogenated silicon carbon oxide (S1COH), silicon
based low k dielectrics, or porous dielectrics. Known depo-
sition techniques, such as, for example, chemical vapor depo-
sition, plasma enhanced chemical vapor deposition, atomic
layer deposition, or physical vapor deposition may be used to
form the M, dielectric 208. The M_ dielectric 208 may have a
typical thickness ranging from about 50 nm to about 450 nm
and ranges there between, although a thickness less than 50
nm and greater than 450 nm may be acceptable.

The M_metal 206 may be substantially similar to the com-
ponent 20 described above with reference to FIG. 1. In gen-

eral, the M, metal 206 may be formed using any known
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technique, and may include any suitable conductive intercon-
nect maternial, for example, copper, aluminum, or tungsten.
The M_metal 206 may include a typical line or wire found 1n
a typical semiconductor circuit. The M _ metal 206 may be
tabricated using, for example, a typical single or dual dama-
scene technique 1 which a conductive interconnect material
may be deposited 1n a trench formed 1n the M _dielectric 208.

In an embodiment, the M_metal 206 may include various
barrier liners (not shown). One barrier liner may include, for
example, tantalum nitride (TalN), followed by an additional
layer including tantalum (Ta). Other barrier liners may
include cobalt (Co), or ruthenium (Ru) either alone or 1n
combination with any other suitable liner. The conductive
interconnect material may include, for example, copper (Cu),
aluminum (Al), or tungsten (W). The conductive interconnect
material may be formed using a filling technique such as
clectroplating, electroless plating, chemical vapor deposi-
tion, physical vapor deposition, atomic layer deposition, Cop-
per retflow, or a combination of methods. The conductive
interconnect material may alternatively include a dopant,
such as, for example, manganese (Mn), magnestum (Mg),
copper (Cu), aluminum (Al) or other known dopants. A seed
layer (not shown) may optionally be deposited using any
suitable deposition technique, for example chemical vapor
deposition or physical vapor deposition, prior to filling the
trench. The seed layer may also include similar dopants as the
conductive interconnect material.

With continued reterence to FIG. 8, the M_cap 210 may be
deposited over the structure 200 after formation of the M_
metal 206. The M_ cap 210 may electrically insulate the M_
level 202 from additional interconnect levels that may be
subsequently formed above the M, level 202, for example the
M, ., level 204. The M, cap 210 may be used to improve
interconnect reliability and prevent copper from diffusing
into the M__, dielectric 216 subsequently formed above. The
M_ cap 210 may be deposited using typical deposition tech-
niques, for example, chemical vapor deposition. The M. cap
210 may include any dielectric material, for example, silicon
nitride (S13N,), silicon carbide (S1C), silicon carbon nitride
(S1CN), hydrogenated silicon carbide (S1CH), or other known
capping materials. The cap can be a hybrid of any metal and
dielectric material mentioned above, such as, for example,
Cobalt and Nblok. The M_ cap 210 may have a thickness
ranging from about 15 nm to about 55 nm and ranges there
between, although a thickness less than 15 nm and greater
than 55 nm may be acceptable.

Next, the M__ , level 204 may be formed above the M _level
202. First, the M__ , dielectric 216 may be deposited on top of
the M_cap 210. The M__ , dielectric 216 may be substantially

x+1
x4+ 1

similar 1n all respects to the M__ dielectric layer 208 described
above. Next, the M__ , via 212 and the first graphene line 214
may be formed 1n accordance with the techniques described
above. More specifically, the first graphene line 214 may be
substantially similar to the graphene 30 described above with
referenceto FIG. 5, and the M __ , via 212 may be substantially
similar to the VIA 16 described above with reference to FIG.
1. In an embodiment, the first graphene line 214 may be made
of multiple layers of graphene and the M__; via 212 may be
made of aluminum, copper, or tungsten according to the tech-
niques described above. Also, like above the M, via 212
may have a barrier layer (not shown) similar to the barrier
layer of the M_metal 206. It should be noted that the first
graphene line 214 does not contain any dopants to improve
conductivity and as such may remain substantially undoped.

More specifically, after forming the M__, via 212, the first
graphene line 214 may be fabricated by first etching a trench
inthe M __, dielectric 216. The trench may intentionally over-
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lap or intersect with the M__ , via 212 such that a portion of the
conductive interconnect material of the M, _, via 212 1s
exposed. In an embodiment, the trench may have a depth less
than or equal to about 50% of the height of a typical metal
interconnect, such as, for example the M, metal 206. In an
embodiment, the trench may have a depth ranging from about
25 nm to approximately 80 nm, measured from the top sur-
face of the M__ , dielectric 216, although greater and lesser
thicknesses are explicitly contemplated. The trench may be
formed by known anisotropic etching techniques, including,
for example, reactive 10on etching (RIE) or plasma etching.
Exemplary etching technmiques may be, for example, fluorine-
based, including, for example, CF , plasma etching.

After the trench 1s formed a barrier layer (not shown) and a
seed layer 220 may be contformally deposited above the struc-
ture 200 and within the line trench. The barrier layer may
improve adherence of the seed layer 220 to a bottom and a
sidewall of the trench, and serve as an electromigration bar-
rier between the first graphene line 214 subsequently formed
in the trench and the M __, via 212. The barrier layer may be
substantially similar to other barrier layers described above
and may include, for example tantalum, tantalum nitride,
titamium, titanium nitride, or combinations thereof. The seed
layer 220 may be any material capable of aiding or supporting
the formation of the first graphene line 214. In an exemplary
embodiment, a ruthenium seed layer may be used. Alterna-
tively, the seed layer 220 may include ruthenium, nickel,
palladium, 1iridium, copper, or any combination thereot. The
most appropriate seed layer 220 material may depend on the
specific graphene deposition or growth process used. The
seed layer 220 may alternatively be referred to as a catalyst
layer used to support the formation of the first graphene line
214.

With continued reference to FIG. 1, the structure 200 may
undergo a planarization technique, for example, chemical-
mechanical planarization (CMP), to remove excess material
of the barrier layer and the seed layer 220 from above the
M_ ., dielectric 216. Not only are the materials of the barrier
layer and the seed layer 220 polished, but the conductive
interconnect material of the M__, via 212 and the dielectric
maternial of the M__, dielectric 216 are also polished. After
planarization, the depth of the trench may be reduced to a
range from about 2 nm to about 5 nm, including the thickness
ol the barrier layer and the seed layer 220, although greater
and lesser depths are explicitly contemplated.

Next, the first graphene line 214 may be formed 1n the
trench, such that it abuts and 1s electrically connected to the
M. ., via212 while being physically separated from the M_ ,
via 212 by the barrier layer. The first graphene line 214 may
be formed using any method known 1n the art capable of
forming a graphene region that conducts electricity to and
fromthe M__ , via212. In an exemplary embodiment, the first
graphene line 214 may include multiple layers of graphene
deposited using CVD with either solid or liquid precursors at
a temperature ranging from about 300° C. to about 400° C.,
although greater and lesser temperatures are explicitly con-
templated. It may be preferable to use a graphene formation
process within this temperature range or lower to avoid dam-
age to other elements of the structure 200. However, graphene
formation processes that require higher temperatures may
also be acceptable. In particular, a person of ordinary skill 1in
the art will appreciate that the formation techniques and pro-
cess temperatures used to form the first graphene line 214
may easily be integrated 1n to current semiconductor process
flows. A multilayer graphene line may be preferable for
redundancy 1n case some of the layers are damaged during

formation to the extent that they will not conduct electricity.
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In an embodiment, a multilayer graphene line may have any-
where from 5 to 20 layers of graphene.

Graphene may be a suitable material from which to form an
interconnect structure, unlike carbon nanotubes, because of
its 2D characteristics. For example, carbon nanotubes, which
have a similar composition to graphene, however packaged in
a different shape, may not be suitable to form the first
graphene line 214. In particular, carbon nanotubes are sub-
stantially one dimensional as opposed to graphene layers
which are substantially two dimensional, thus affecting elec-
tron mobility. Also, punification processes and processing,
temperatures 1n excess of 3000° C. may be required to fabri-
cate carbon nanotubes, which may be detrimental to sur-
rounding structures existing at the time of fabrication.

The first graphene line 214 may electrically connect the
M., , via 212 with another via subsequently formed 1n a
metallization level above the first graphene line 214 or with
another metal fuse formed 1n the M__, level 204. In general,
current may travel parallel to the length of the first graphene
line 214. In embodiments where the first graphene line 214 1s
made of multi-layer graphene, current may travel from one
graphene layer into another or between adjacent graphene
layers. As 1s appreciated by one of ordinary skill 1n the art,
current traveling between adjacent graphene layers will expe-
rience a higher resistance than current traveling 1n a single
graphene layer parallel to the length of the first graphene line
214. As such, current may travel primarly in the direction
parallel to the length of the first graphene line 214. Next, the
M._., cap 218 may be deposited over the structure 200 after
formation of the first graphene line 214. The M__, cap 218
may be substantially similar in all respects to the M_cap 210

described above.

Referring now to FIG.9,an M__, level 222 may be formed
abovethean M__, level 204. M__ , level 222 may 1nclude an
M, .., dielectric 224 1in which a via opening 226 may be
formed according to known techniques. More specifically,

the via opening 226 may be formed by etching through the
M. ., dielectric 224, through the M__, cap 218, and etching

X422

into a portion of the first graphene line 214 to expose the seed
layer 220. It should be noted that the seed layer 220 need not
be exposed, however, 1t may be used as an etch stop 1n which
it will likely be exposed. In an embodiment, the via opening
226 may be patterned using a photoresist and etched using a
soit non-bombarding etch, for example, a dry anisotropic
ctching technique. Several reports 1n literature highlight the
use of either hydrogen or oxygen plasma as being capable of
controllably etching mono-layer graphene. In an embodi-
ment, a low pressure and low power plasma with a relatively
slow etch rate may be used to control the etch depth and
critical dimensions of the via opening 226 in the first
graphene line 214. The via opening 226 may preferably
extend some depth into the graphene line 214 to expose an end
of the second graphene material. In embodiments where the
first graphene line 214 1s made of multiple layers of graphene,
it 1s preferable to expose an end of each of the multiple
graphene layers, i not all of them. Because, as mentioned
above, the electrical path having the least resistance 1s along
the length of the graphene, any electrical connection to or
from the first graphene line 214 may preferably be formed at
the ends of the graphene material. It 1s conceivable that a
particular design may locate the via opening 226 at any point
along the length of the first graphene line 214, including at or
near one end, or some distance from either end.

Referring now to FIG. 10, a liner 228 followed by a barrier
layer (not shown) may be conformally formed directly on top
of the structure 200 and within the via opening 226. The liner
228 may include palladium, platinum, or copper deposited
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using any known deposition technique, such as, for example,
an atomic layer deposition technique or a low pressure chemi-
cal vapor deposition technique. In the present example, the
liner 228 1s deposited within the via opening 226 1n direct
contact with the M__, dielectric 224 and the M__, cap 218,

X422

and more specifically, 1n direct contact with the ends of the
two dimensional graphene layers of the first graphene line
214. The liner 228 may have a conformal thickness ranging
from about 0.5 nm to about 5 nm, and more particularly about
1 nm.

The palladium-graphene interface has a relatively small
interface distance promoting higher probability of electron
conduction. Further, cohesive energy and carbon spacing 1s
optimized for a palladium-graphene interface. Palladium 1s
particularly advantageous due to the unique bonds which
form conduction bands between palladium and graphene, 1n
turn lowering the resistance at the interface between the pal-
ladium liner 228 and the first graphene line 214. Palladium-
graphene 1nterfaces may, i general, exhibit good conductiv-
ity with relatively low resistance; however, integrating the
same mto a copper damascene process flow, as described
herein, 1s unique. Improves conductivity with further reduces
resistance may be achieved by forming a palladium-graphene
interface at the ends of a two dimensional multilayered
graphene line. More specifically, the palladium-graphene
interface between the first graphene line 214 and the liner 228
has improved conductivity and reduced resistance.

The barrier layer formed within the via opening 226 may be
substantially similar to all other barrier layers described
above. In an embodiment, the barrier layer may include
cobalt, ruthenium, tantalum, tantalum nitride, indium oxide,
tungsten nitride, titanium nitride, or some combination
thereol. In a particular example, the barrier liner may include,
for example, a tantalum nitride (TalN), followed by an addi-
tional layer including tantalum (Ta).

Referring now to FIG. 11, a conductive interconnect mate-
rial may be deposited within the via opening 226 (FIG. 10) on
top of the barrier layer according to known techniques. The
conductive interconnect material may include, for example,
gold, copper, aluminum, or tungsten. In an embodiment, the
conductive interconnect material may further include a
dopant, such as, for example, manganese (Mn), magnesium
(Mg), copper (Cu), aluminum (Al) or other known dopants.
Typically, after deposition, excess conductive interconnect
material may remain above the entire structure 200 and a
chemical mechanical polishing technique may be used to
polish the structure and remove any excess material conduc-
tive interconnect material to form an M__, via 234. Further-
more, excess material of the barrier layer and the seed layer
220 may be simultaneously removed using the same polish-
ing technique. After polishing, a top surface of the M__, via
230 may be substantially flush with a top surfaceof the M__ ,
dielectric 224.

Referring now to FIG. 12, a second graphene line 232 may
be formed in accordance with the techniques described
above, and may be substantially similar to the graphene 30
and the first graphene line 232 described above with reference
to FIGS. 5 and 9, respectively. More specifically, after form-
ing the M__, via 230, the second graphene line 232 may be
tabricated by first etching a trench in the M __ , dielectric 224.
Like above, the trench may intentionally overlap or intersect
with the M__, via 230 such that a portion of the conductive
interconnect material of the M__ , via 230 1s exposed. The
second graphene line 232 may also include a seed layer 234
similar to the seed layer 220 described above. Furthermore,
either the first graphene line 214, the second graphene line
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232, or both include one or more graphene sheets oriented
horizontally parallel with the first and second interconnect
levels.

Due to known limitations in lithography the overlap
between the trench and the M , via 230 may be deliberately
large enough to guarantee direct contact between the conduc-
tive interconnect material of the M__ , via 230 and the second
graphene line 232; however, doing so may cause a portion of
the liner 228 to be removed from between the M __ , via 230
and the second graphene line 232. Theretfore additional mea-
sures must be taken to ensure low resistance contact between
the M__ , via 230 and the second graphene line 232. It should
be noted that 1n some 1nstances, 1t 1s conceivable that the liner
228 may be preserved and remain between the M__ , via 230
and the second graphene line 232 after etching the trench.

In order to preserve the additional benefits of the liner 228
with respect to the electrical connection betweenthe M , via
230 and the second graphene line 232, a wet clean or wet
ctching technique may be used to expose at least a portion of
one end of the second graphene line 232. A block mask may
be used to define the contact regions that will be processed. In
an embodiment, an aqua regia wet etching technique may be
used to expose at least a portion of one end of the second
graphene line 232. In doing so, at least a small portion of the
seed layer 234 may be removed, and 1in some instances a small
portion of the barrier layer or the interconnect maternal, both
of the M__, via 230, may also be removed. The primary goal
1s to expose the end of the two dimensional graphene material
of the second graphene line 232. In a preferred embodiment,
the ends of multiple layers of graphene are exposed by remov-
ing a portion of the seed layer 234.

Once the end of the graphene layers the second graphene
line 232 are exposed, a metal cap 236 may be selectively
deposited on an exposed surface of the conductive intercon-
nect material of the M _, via 230, replacing the small portion
of the seed layer 234 removed above. In an embodiment, the
metal cap 236 may include palladium deposited using an
clectrodeposition technique. More specifically, the palladium
metal cap 236 may be 1n direct contact with both the conduc-
tive interconnect material of the M__, via 230 and the ends of
the graphene layers of the second graphene line 232 to form a
low resistance interface. In other words, the palladium metal
cap 236 may extend across the top surface ofthe M__ , via 230
and down a vertical interface between the M__, via 230 and
the second graphene line 232.

In general, current flows from the M, via 212 to up to the
first graphene line 214. An ohmic contact may exist between
a liner of the M__, via 212 and seed layer 220. From the seed
layer 220 current travels to the ends the first graphene line 214
with lowest possible resistance. Then, from the first graphene
line 214, current tlows to the liner 228 and travels up to the
palladium metal cap 236 which has low contact resistance to
the second graphene line 232.

Finally, with continued reterence to FIG. 12, an M__, cap
232 may be formed directly above the M__ , via 230, the metal
cap 236, the second graphene line 232, andthe M__ , dielectric
224 according to known techniques. The M__ , via234 may be
substantially similar to the M, cap 210 and the M__, cap 218
described above.

The descriptions of the various embodiments of the present
invention have been presented for purposes of 1llustration, but
are not mntended to be exhaustive or limited to the embodi-
ments disclosed. Many modifications and variations will be
apparent to those of ordinary skill in the art without departing
from the scope and spirit of the mvention. The terminology
used herein was chosen to best explain the principles of the
embodiment, the practical application or technical improve-
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ment over technologies found 1n the marketplace, or to enable
others of ordinary skill in the art to understand the embodi-
ments disclosed herein.

What 1s claimed 1s:

1. A structure comprising:

a first metal line 1n a first interconnect level, the first metal
line comprising one or more graphene portions;

a second metal line 1n a second interconnect level above the
first interconnect level, the second metal line comprising
one or more graphene portions;

a metal via comprising a palladium liner extending verti-
cally and electrically connecting the first metal line with
the second metal line, the metal via 1s at least partially
embedded 1n the first metal line such that the palladium
liner 1s 1in direct contact with at least an end portion of the
one or more graphene portions of the first metal line; and

a palladium cap 1n direct contact with a conductive inter-
connect material of the metal via and an end portion of
the one or more graphene portions of the second metal
line.

2. The structure of claim 1, wherein the one or more
graphene portions of both the first and second metal lines
comprises a graphene sheet oriented horizontally parallel
with the first and second interconnect levels, respectively.

3. The structure of claim 1,

wherein the palladium cap extends across a top surface of
the metal via and down a vertical interface between the
metal via and the second metal line.

4. The structure of claim 1, further comprising;:

a first seed layer 1n direct contact with a side and a bottom
of the first metal line; and

a second seed layer in direct contact with a side and a
bottom of the second metal line,

wherein the first and second seed layers comprise ruthe-
nium, nickel, palladium, iridium, copper, or any combi-
nation thereof.

5. The structure of claim 1, wherein the palladium liner of
the metal via 1s 1n direct contact with a seed layer extending
along a side and a bottom of the first metal line, the seed layer
comprises ruthenium, nickel, palladium, iridium, copper, or
any combination thereof.

6. The structure of claim 1, wherein the metal via further
comprises a barrier layer comprising tantalum, tantalum
nitride, titan1um, titanium nitride or any combination thereof,
the barrier layer 1s 1n direct contact with the palladium liner
and the conductive interconnect material of the metal via.

7. A method comprising:

forming a first metal line 1n a first interconnect level, the
first metal line comprising one or more graphene por-
tions;

forming a second metal line 1n a second interconnect level
above the first interconnect level, the second metal line
comprising one or more graphene portions;

forming a metal via comprising a palladium liner extend-
ing vertically and electrically connecting the first metal
line with the second metal line, the metal via 1s at least
partially embedded 1n the first metal line such that the
palladium liner 1s 1n direct contact with at least an end
portion of the one or more graphene portions of the first
metal line; and

replacing a portion of a non-palladium seed layer of the
second metal line with a palladium cap 1n direct contact
with a top surface of the metal via and an end portion of
the one or more graphene portions of the second metal
line, the non-palladium seed layer 1s 1n direct contact
with and extends along a side and a bottom of the second
metal line.
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8. The method of claim 7, wherein the one or more
graphene portions of both the first and second metal lines
comprises a graphene sheet oriented horizontally parallel
with the first and second interconnect levels, respectively.
9. The method of claim 7, further comprising:
removing a portion of a seed layer to expose the end portion
of the one or more graphene portions of the second metal
line, the seed layer 1s in direct contact with and extends
along a side and a bottom of the second metal line; and

selectively depositing a palladium cap in direct contact
with a conductive interconnect material of the metal via
and the end portion of the one or more graphene portions
of the second metal line.
10. The method of claim 7, further comprising:
removing a portion of a seed layer to expose the end portion
of the one or more graphene portions of the second metal
line, the seed layer 1s 1n direct contact with and extends
along a side and a bottom of the second metal line; and

selectively depositing a palladium cap 1n direct contact
with a conductive interconnect material of the metal via
and the end portion of the one or more graphene portions
of the second metal line, the palladium cap extending
across a top surface of the metal via and down a vertical
interface between the metal via and the second metal
line.

11. The method of claim 7, wherein the palladium liner of
the metal via 1s 1n direct contact with a first seed layer, the first
seed layer 1s 1n direct contact with a side and a bottom of the
first metal line.

12. A method comprising:

etching, 1n a first dielectric layer, a first trench;

filling the first trench with graphene;

etching 1n a second dielectric layer a via opening, the

second dielectric layer 1s above the first dielectric layer,
and at least an end portion of the graphene 1n the first
trench 1s exposed along a sidewall at a bottom of the via
opening;

depositing, conformally, a layer of palladium within the via

opening;

filling the via opeming with a conductive interconnect

material;

10

15

20

25

30

35

40

16

ctching, 1n the second dielectric layer, a second trench
which intersects with, and at least partially removes a
portion of, the conductive interconnect material 1n the
via opening; and
filling the second trench with graphene.
13. The method of claim 12, wherein the graphene of both
the first and second metal lines comprises a graphene sheet
oriented horizontally parallel with the first and second inter-

connect levels, respectively.

14. The method of claim 12, further comprising;:

replacing a portion of a non-palladium seed layer of the
second trench with a palladium cap 1n direct contact with
a top surtace of the conductive interconnect material and
an end portion of the graphene in the second trench, the
non-palladium seed layer 1s 1n direct contact with and
extends along a side and a bottom of the second trench.

15. The method of claim 12, further comprising:

removing a portion of a seed layer to expose the end portion
of the graphene of the second trench, the seed layer 1s 1n
direct contact with and extends along a side and a bottom

of the second trench; and
selectively depositing a palladium cap in direct contact

with the conductive interconnect material and the end
portion of the graphene of the second trench, the palla-
dium cap extending across a top surface of the conduc-
tive interconnect and down a vertical interface between
the conductive interconnect material and the second
trench.

16. The method of claim 12, wherein the layer of palladium
within the via opening 1s in direct contact with a seed layer,
the seed layer 1s 1n direct contact with a side and a bottom of
the first metal line.

17. The method of claim 12, wherein etching the via open-
ing in a second dielectric layer comprises:

exposing a seed layer 1n direct contact with a side and a

bottom of the first trench.

18. The method of claim 12, wherein filling the first trench
and the second trench with graphene comprises:

using a chemical vapor deposition process to deposit mul-

tilayer graphene sheets oriented horizontally parallel
with the first and second interconnect levels, respec-
tively.
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